I^D-A034  51« 


UNCLASSIFIED 


MASSACHUSETTS  INST  OF  TECH  CAMBRIDGE  DEPT  OF  MATERIA— ETC  F/6  7/2 
ON  The  dissociation  and  reactivity  of  hydrogen  at  LOW-COORDINAT— ETC(U) 
JAN  77  K H JOHNSON*  A BALAZS  N00014-75-C-0970 


^S45I4 


DATE 

filmed 

2-77 


ADA  03  4 5 1 4 


OFFICE  OF  NAVAL  RESEARCH 
Contract  N00014-75-C-0970 
Task  No.  NR  056-596 


TECHNICAL  REPORT  NO.  3 

On  the  Dissociation  and  Reactivity  of  Hydrogen 
at  Low-Coordination  Transition-Metal  Sites 

by 

K.  H.  Johnson  and  A.  Balazs 
Department  of  Materials  Science  and  Engineering 
Massachusetts  Institute  of  Technology 


COPY  AVAIUBIE  TO  DDC  GOES  NOT 
PERMIT  FUUY  l£6iBl£  PROOOCTION 

Prepared  for  publication  In  Physical  Review  Letters 


January  11,  1977 

Reproduction  In  whole  or  In  part  Is  permitted  for 
any  purpose  of  the  United  States  Government 


I V'lCi  l^f 

f 

; ffm 

I / 

I 1 r/,ii 


I JlSrOIJiirij;,. ,, 


3 


d 


rilli. 


Approved  for  Public  Release:  Distribution  Unlimited 


SECumXV  CLASSIFICATION  OF  THIS  PAOC  (IThan  Dmm  Bnlfd) 


READ  tNSTRUCTluNS 
BEFORE  COMPLETING  FORM 
1.  RCCIPICNT'S  catalog  number 


REPORT  DOCUMENTATION  PAGE 


|2.  OOVT  ACCESSION  NO. 


S.  TVRE_OF  MPQRT  A PERIOD  COVERED 

Interim  1 


ON  THE  DISSOCIATION  AND  REACTIVITY  OF  HYDROGEN 
AT  LOW-COORDINATION  TRANSITION-METAL  SITES,  ^ 


t.  CONTRACT  OR  GRANT  NUMBERr*; 


K.  H.  /Johnson  «nd  A./Balazs 


N00014-75-C-097d 


PROGRAM  ELEMENT.  PROJECT,  TASK 


Department  of  Materials  Science  and  Engineering 
Massachusetts  Institute  of  Technology 
Cambridge.  Massachusetts  02139 


1 1 CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Office  of  Naval  Research 
Department  of  the  Navy 


IS.  security  class  (oI  Ihim  tmport) 


monitoring  agency  name  a AODRESSCM  tnmLCutUctUmt  outci) 


declassification  downgrading 

SCHEDULE 


IS  OISTRiauTION  STATEMENT  (o!  thit  Rmpetl) 


Approved  for  public  release;  distribution  unlimited 


dissociation;  reactivity;  hydrogen;  transition-metal  complexes;  platinum 
Iridium;  orbital  electronegativity;  low-coordination  sites;  transition- 
metal  surfaces 
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The  electronic  structure  of  *coordi natively  unsaturated^  transition-metal 
complexes,  in  conjunction  with  the  concept  of  orbital  electronegativity, 
suggests  how  such  complexes,  along  with  low-coordination  sites  on  transition 
metal  clusters  and  surfaces,  can  act  as  centers  for  the  dissociation  and 
reactivity  of  Hj. 
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It  is  well  known  that  certain  "coordinatively  unsaturated"  transition- 

metal  complexes  in  solution  can  homogeneously  catalyze  chemical  reactions,^ 

while  it  has  long  been  suspected  that  low-coordination  sites  on  transition- 

metal  surfaces  and  supported  transition-metal  clusters  are  centers  of  hetero- 
2 3 

geneous  reactivity.  ’ In  this  communication,  we  wish  to  show  that  the 

1 

electronic  structure  of  such  complexes,  in  conjunction  with  the  concept  of 

4 5 

orbital  electronegativity,  ’ is  consistent  with  their  reactivity  and  is 
suggestive  of  how  low-coordination  sites  on  transition-metal  surfaces  can 
act  as  centers  of  reactivity.  The  dissociation  and  reactivity  of  H2  is 
considered  as  an  illustrative  example. 

As  our  working  model,  we  have  chosen  a Group-VIII  transition-metal 
atom  (M)  dihedral ly  coordinated  by  ligands  (L),  yielding  the  coordinatively 
unsaturated  L2M  complex  illustrated  at  the  top  of  Fig.  1.  This  model  has 
the  advantage  that  it  can  realistically  represent  transition-metal  complexes 
of  the  type  (e.g.,  M = Pt,  Ir,  Rh;  L = Ph^P  = tri phenyl  phosphine)  which 
dissociatively  bind  and  homogeneously  catalyze  reactions  of  H2,^  and  it  can 
simulate  low-coordination  sites  (e.g.,  "corner  atoms")  of  faceted  transition- 

metal  clusters  or  stepped  transition-metal  surfaces  which  dissociatively  \ 

p o f 

chemisorb  and  heterogeneously  catalyze  reactions  of  H2.  ’ In  the  latter  e 

systems,  the  ligand  (L)  is  also  a metal  atom,  either  of  the  same  species  as  | 

the  transition  metal  (M),  or  of  a different  species  in  the  case  of  an  alloy  | 

surface  or  bimetallic  cluster.  I 


Molecular-orbital  calculations  have  been  carried  out  for  L2M  and  L2MH2 
complexes  by  the  self-consistent-field  X-alpha  (SCF-Xa)  method®  as  a function 
of  metal  species  (M  * Pt,  Ir),  ligand  species  (L  » phosphine,  Pt),  and 
molecular  geometry.  The  resulting  orbital  energies  for  M = Pt,  L = phosphine, 
and  geometry  characteristic  of  the  platinum-phosphine  complexes  described  in 
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Ref.  1 are  shown  in  Fig.  1.  Also  shown,  for  comparison,  are  the  SCF-Xa 
orbital  energies  for  the  isolated  metal,  ligand,  and  hydrogen  molecule  at 

o 

the  free-molecule  internuclear  distance  1.4  A (H2)  and  internuclear  distance 

o 

2.8  A (H2*)  characteristic  of  the  partially  dissociated  ("dihydi ide") 

configuration  of  H2  in  the  L2MH2  complex. 

The  SCF-Xa  orbital  energy  eigenvalues  shown  in  Fig.  1 can  te  rigorously 

identified  with  "orbital  electronegativities"  which  are  a measure  of  the 

relative  average  electron  donor-acceptor  character  of  the  individual 
4 5 

orbitals.  ’ Thus  the  fact  that  the  isolated  ligand  energy  level,  which 
corresponds  to  a phosphine  "lone-pair"  orbital,  nearly  coincides  with  the 
d-orbital  energy  level  of  the  isolated  Pt  atom  (neglecting  relativistic 
si^ifts)  implies  a predominantly  covalent  L-Pt(5d)  interaction  'imilar  t 
that  expected  for  a direct  Pt(5d)-Pt(5d)  interaction.  In  ti 
the  effect  of  coordi natively  unsaturated  phosphine  ligands  on 
structure  of  a platinum  atom  is  expected  to  be  similar  to  that  of 
a Pt  atom  in  a low-coordination  Pt  environment,  such  as  that  provided  by  a 
surface  or  cluster. 

The  ligand-metal  interaction  in  the  L2M  complex  leads  to  the  bonding 
orbital  energies  labeled  L-M(dy^)  and  L-M(d^2) 

antibonding  orbital  energies  labeled  M(dj,2)-L*»  M(dy2)"L*.  and  M(s)-L*, 
of  which  M(dy^)-L*  is  the  highest  occupied  energy  level  in  the  ground  state 
of  the  complex.  A simple  interpretation  of  the  position  of  the  latter  energy 
level  is  that  the  strong  ligand-field  repulsion  of  the  metal  d-orbital 
pointed  on  the  ligand  directions  (the  d^^  orbital  for  the  chosen  coordinate 
system)  raises  the  energy  level  of  this  orbital,  reduces  the  corresponding 
orbital  electronegativity,  and  mixes  in  significant  antibonding  ligand 
character.  The  d^2  orbital  is  also  subject  to  some  antibonding  ligand-field 


repulsion,  whereas  the  d o d , and  d orbitals  remain  essentially 

Afc  ^Jr 

nonbonding.  When  platinum  atoms  are  substituted  for  the  phosphine  ligands, 
the  electronic  structure  reduces  to  the  manifold  of  bonding,  nonbonding,  and 
antibonding  d-orbital  energy  levels  (the  "d-band")  characteristic  of  a 
small  platinum  cluster.^  In  this  case,  the  M(dy^)-L*  (L  = M)  antibonding 
orbital  may  be  interpreted  as  the  analogue  of  a localized  "surface  state" 
which  is  split  off  from  the  top  of  the  d-band. 

The  most  important  result  of  the  strong  ligand-metal  antibonding  component 
is  to  bring  the  M(dy^)-L*  orbital,  the  highest  occupied  orbital,  closer  in 
energy  and  electronegativity  (as  compared  with  the  isolated  Pt  atom)  to  the 
empty  antibonding  orbital  of  the  H2  molecule.  This  facilitates  overlap 
and  electron  flow  between  the  M(dy^)-L*  and  orbitals,  which  are  symmetry 

O 

conserving,  thereby  promoting  dissociation  of  H2.  The  partially  dissoci- 
ated  molecule  (H2*),  characterized  by  Og  and  orbital  energies  approaching 
the  SCF-Xa  Is  orbital  energy  of  a free  hydrogen  atom  (see  Fig.  1),  can  bind 
or  "chemisorb"  in  a dihydride  configuration  to  the  coordinatively  unsaturated 
metal  site.  This  is  revealed  by  the  L2MH2  molecular-orbital  energies  shown  in 
Fig.  1 and  the  corresponding  orbital  wavefunction  contour  maps  shown  in  Fig.  2. 
The  2b2  orbital,  for  example,  results  from  overlap  and  electron  flow  between 
the  M(dy^)-L*  orbital  and  the  H2  orbital.  The  dihydride  configuration 
is  further  stabilized  by  the  "butterfly- like"  la-j  and  2a-|  orbitals  shown 
In  Fig.  2,  formed  from  the  overlap  of  the  equatorial  parts  of  the  L-M(dj,2)  and 
M(d22)-L*  orbitals  with  the  H(ls)  (or  H2*  Og)  orbitals.  Note  that  the  M(d^2) 
lobe  pointed  along  the  z-direction  acts  as  a repulsive  barrier  which  helps  to 
keep  the  H atoms  apart.  These  dihydride  bonding  orbitals  are  offset  somewhat 
by  the  4a-|  and  3a^  orbitals  resulting  respectively  from  the  antibonding  inter- 
action of  the  L-M(dj,2)  and  M(d^2.y2)  orbitals  with  the  H2*  Og  orbital,  as  is 
evident  in  the  4a^  orbital  contour  map  shown  in  Fig.  2.  There  is  negligible 


-5- 


\ 

,■ 


i 

I 


contribution  of  the  M(s)  orbital  component  In  the  binding  of  hydrogen  to 
these  platinum  and  Iridium  complexes.  This  Is  consistent  with  the  finding, 
based  on  SCF-Xa  cluster  calculations^®  and  photoemission  studies^ ^ that  the 
metal  d-orbitals  are  almost  exclusively  responsible  for  the  chemisorption 
of  hydrogen  on  second-  and  third-row  transition  metals  such  as  palladium  and 
platinum,  whereas  significant  metal  s,d-hybr1d1zat1on  (with  the  s-orbital 
component  dominant)  is  involved  in  hydrogen  chemisorption  on  first-row 
transition  metals  such  as  nickel.  Since  the  deuterium  molecule  (D2)  is 
chemically  identical  to  the  hydrogen  molecule  (H2),  all  the  results  described 
above  for  the  dissociation  of  H2  at  a low-coordination  transition-metal  site 
apply  equally  well  for  the  dissociation  of  D2  at  such  a site. 

The  above  described  electronic  structure  of  the  12^2  (or  L2MD2) 
coordination  complex  leads  to  possible  explanations  of  the  obsi 1 /ed  hoinu- 
geneous  and  heterogeneous  catalytic  reactivity  of  H2  (or  D2).  For  e>ample, 
the  near  cancellation  of  the  contributions  of  the  bonding  (la^  2a^)  orbitals 
and  antibonding  (3a-|,  4a^)  orbitals  to  metal -hydrogen  bond  strength,  leaving 
the  dissociative  2b2  bonding  orbital  dominant,  explains  the  relatively  weak, 
reversible  binding  of  H2  (or  D2)  to  such  complexes  and  their  ability  to 
activate  H2-D2  exchange.^  Since  such  a complex  Is  also  a good  model  for 
H2  (or  D2)  dissociation  at  the  corner  atoms  of  a platinum  surface  step,  the 

results  suggest  why  atomic  steps  on  platinum  surfaces  are  essential  in 

2 

dissociating  H2  and  O2  and  In  activating  H2-O2  exchange. 

The  electronic  structure  of  the  L2MH2  complex  also  suggests  a possible 
reaction  path  for  the  hydrogenation  of  unsaturated  hydrocarbons  at  low- 
coordination  transition-metal  sites.  The  4a^  orbital,  which  defines  the 
Fermi  energy  of  the  site.  Is  closely  matched  In  symnetry,  energy,  and  electro- 
negativity to  the  ir  orbitals  of  hydrocarbons  such  as  acetylene  (C2H2)  and 
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ethylene  (C2H^).  When  the  4a^  orbital,  which  is  an  antibonding  mixture  of 
L-M(d^2)  ^^2*  °g  character,  is  only  partially  occupied  (as  is 

the  case  for  M = Ir,  Rh),  it  offers  a pathway  for  electron  flow  from  a 
C2H2  (or  C2H^)  it  orbital  to  the  dissociatively  "chemisorbed"  hydrogen. 
Electron  flow  directly  between  C2H2  (or  C2H^)  and  H2  in  the  gas  phase  via 
the  filled  ir  and  Og  orbitals  is  forbidden  by  the  Pauli  exclusion  principle, 
whereas  electron  flow  directly  between  the  tr  orbital  and  empty  orbital 

O 

is  forbidden  by  orbital  symmetry.  Because  the  4a^  orbital  of  L2MH2  is 

antibonding  between  the  L2M  site  and  H2,  while  bonding  between  H2  and  C2H2 

(or  C2H^),  the  net  result  of  electron  flow  between  a tt  orbital  and  the  4a-| 

orbital  is  the  breaking  of  a C-C  tt  bond,  the  formation  of  two  new  C-H  bonds, 

and  the  expulsion  of  the  hydrogenated  species  C2H^  (or  C2Hg),  as  suggested 

by  the  reaction  path  shown  in  Fig.  3.  Also  shown  is  a contour  map  for  the 

4a.|  orbital  of  the  L2MH2C2H2  reaction  intermediate  (the  third  step  of  the 

proposed  reaction  path)  formed  as  a result  of  the  interaction  of  acetylene 

with  the  L2MH2  complex.  The  incipient  formation  of  C-H  bonds  via  the  overlap 

of  the  C-C  IT  orbital  with  the  antibonding  metal -di hydride  orbital  and  the 

resulting  ethylene-like  configuration  are  clearly  visible  in  this  map.  It 

is  important  to  note  that  the  concerted  reaction  path  indicated  in  Fig.  3 

is  not  the  conventional  one  for  hydrogenation  on  ideal  transition-metal 

surfaces,  where  it  is  usually  assumed  that  chemisorption  of  acetylene  or 

ethylene  on  one  or  two  metal  sites  is  the  precursor  to  combining  with 

hydrogen  chemisorbed  on  neighboring  sites.  Nonconcerted  reaction  paths  in 

which  both  reactants  are  coordinated  to  the  same  metal  site  are  also  possible 

and  Indeed  have  been  argued  to  be  favored  kinetically  in  certain  homogeneous 
12 

reactions.  Alternative  reaction  paths  at  low-coordination  transition-metal 
sites  are  currently  under  Investigation  in  conjunction  with  theoretical 
studies  of  the  reactivity  of  IrCl(C0)(Ph3P)2  (Vaska's  complex). 
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In  conclusion,  we  have  attempted  to  show  that  a detailed  theoretical 
study  of  the  electronic  structure  of  well  characterized  coordinatively 
unsaturated  transition-metal  complexes  and  their  Interactions  with  H2  can 
not  only  lead  to  an  understanding  of  their  homogeneous  reactivity  but  can 
also  serve  as  a model  for  the  dissociative  chemisorption  and  heterogeneous 
reactivity  of  H2  on  low-coordination  transition-metal  surface  sites,  where 
definitive  structural  Information  Is  lacking.  There  are  many  useful  analogies 
to  be  made  between  molecular  transition-metal  coordination  complexes  and 
surface-adsorbate  Interactions. Such  analogies  are  probably  not 
fortuitous.  They  should  be  sought  after  and  the  common  basis  of  under- 
standing elucidated. 
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Figure  Captions 

Fig.  1.  The  SCF-Xa  orbital  energies  for  coordinatively  unsaturated  transition- 
metal  complexes  representing  low-coordination  transition-metal  sites 
and  dissociative  hydrogen  chemisorption  thereon.  The  L2M  energy 
levels  are  labeled  according  to  their  principal  orbital  character, 
whereas  the  L2MH2  levels  are  labeled  according  to  the  irreducible 
representations  of  the  ^2v  symmetry  group.  The  highest  occupied 
orbital  is  indicated  by  the  "Fermi  level"  Cp.  The  results  shown 
are  for  M = platinum  and  L = phosphine,  although  they  are  qualita- 
tively similar  for  other  Group-VIII  transition  metals  such  as  iridium. 
Also  shown  are  the  SCF-Xa  orbital  energies  for  the  isolated  metal 
atom,  ligand,  and  hydrogen  molecule  at  the  free-molecule  internuclear 

o o 

distance  1.4  A (H2)  and  internuclear  distance  2.8  A (H2*)  charac- 
teristic of  the  di hydride  configuration  in  the  L2MH2  complex.  The 
unimportant  nonbonding  phosphine  ligand  orbitals  are  not  shown. 

Fig.  2.  Contour  maps  of  the  principal  bonding  and  antibonding  molecular- 
orbital  wavefunctions  corresponding  to  the  orbital  energies  of  the 
L2MH2  complex  shown  in  Fig.  1.  Regions  of  differing  sign  are 
separated  by  nodes.  The  high-density  contours  and  inner  nodes  cor- 
responding to  the  atomic  core  electrons  are  not  shown. 

Fig.  3.  Possible  reaction  path  for  the  hydrogenation  of  acetylene  at  a 

coordinatively  unsaturated  transition-metal  site.  Also  shown  is  a 
contour  map  for  the  4a^  orbital  wavefunction  of  the  L2MH2C2H2  reaction 
intermediate  (the  third  step  of  the  reaction  path)  formed  as  a result 
of  the  interaction  of  acetylene  with  the  L2MH2  complex.  The  results 
shown  are  for  M = iridium  and  L = phosphine. 
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